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Introduction
The assembly of colloids and nanoparticles into complex and highly-ordered structures continues to be an important and effective method for creating functional materials with unique and technologically attractive properties. 1, 2 Through manipulation of the thermodynamic and kinetic interactions between particle building blocks, authors have demonstrated the assembly of materials such as photonic crystals 3 and electronic circuits, 4, 5 as well as biomaterials such as peptide-based scaffolds for regenerative medicine. 6, 7 Approaches to controlling the assembly process generally fall into three categories: adjusting particle or template properties like shape, size, patterning, and chemical functionality; 8, 9 tuning particle interactions via thermodynamic variables such as temperature or pH; 10, 11 and directing particle behavior with external flows or fields, such as electric or magnetic fields. 2, 12 In particular, by applying a uniform magnetic field to polarizable colloids suspended in a matrix fluid, directed assembly of the particles into aggregated chain-like structures in the direction of the external field can be achieved. 13 The anisotropic mechanical properties of these structures have been exploited in magnetorheological (MR) fluids, 14, 15 which undergo dramatic changes in bulk rheological properties upon formation of particle chains, as well as for lab-on-a-chip separations. 16 The matrix fluid in most particle assembly studies, as well as in most MR fluids and devices, is typically Newtonian; however, it has long been known in the rheology community that the behavior of suspended particles is significantly influenced by the matrix fluid rheology. 17 For example, Feng and Joseph demonstrated that spherical particles dispersed in viscoelastic Boger fluids subjected to bulk torsional flow undergo radial migration to form distinct ring patterns; by contrast, no such microstructure was observed in the Newtonian case. 18 Additionally, the use of yield stress matrix fluids to prevent sedimentation in MR suspensions has motivated questions about the effects of the yield stress on the formation of field-induced structures. 19, 20 With these considerations in mind, we present in this letter a new approach to controlling particle assembly via the non-Newtonian properties of the matrix fluid. Because of the immediate relevance to MR fluid technology, we specifically demonstrate this approach by examining the effect of the matrix fluid yield stress on the directed assembly of polarizable particles under a uniform external magnetic field. Using 2-D particle-level simulations, we find that chain growth initially follows the same trajectory as in Newtonian matrix fluids, but is arrested at a critical time that scales with a dimensionless group that characterizes the balance between the yield stress and inter-particle magnetic stresses. Adjusting this balance allows the properties of the arrested structure, including the average cluster size, to be tuned. Assuming the matrix fluid yield stress dominates over other forces on particles (i.e., thermal, gravitational, electrostatic, etc.), arrested structures are indefinitely stable even after the magnetic field is removed, being essentially 'frozen' in the matrix until additional manipulation is desired. This behavior is generic to particle dynamics in yield stress matrix fluids and could be exploited in other types of assembly processes, including assembly via electric fields, fluid flow, or chemical interactions. Finally, this letter will have important implications for the formulation and understanding of MR suspensions stabilized by yield stress matrix fluids. We identify regimes in which the arrest of dipolar chain-formation due to the matrix fluid yield stress is expected to significantly impact the fieldinduced rheological properties.
Simulation Details
The simulation method used in this work is adopted from a previously described algorithm, 21, 22 which was developed to study field-induced chaining of dipolar particle suspensions in Newtonian matrix fluids. We review the essential features of this method and discuss the modifications necessary to incorporate a matrix fluid yield stress. The pair-wise magnetic interaction energy mag ij U between two dipoles separated by a distance r ij is given by:
Here m = |m| is the magnitude of the dipole moment, μ 0 is the magnetic permeability of the medium (assumed to be equal to the permeability of free space), and θ ij is the angle that the line connecting the particle centers makes with the direction of the applied magnetic field. Though eq 1 neglects mutual magnetic induction and treats particles as point dipoles with identical dipole moments aligned with the external magnetic field, this expression has been successful in quantitatively capturing the particle-level behavior in MR suspensions subject to a uniform external magnetic field, 21, 23, 24 providing results consistent with experimental observations. 25 In the work of Haghgooie, 22 the Heyes-Melrose displacement algorithm is used to correct for hard-sphere overlaps between dipolar particles at each time step of the simulation. 26 This approach complicates the incorporation of a matrix fluid yield stress, however, because it accounts for excluded volume interactions through a constraint rather than an explicit potential. Additionally, we find that when attempts are made to incorporate a matrix fluid yield stress, the Heyes-Melrose algorithm leads to unphysical behavior such as 'kinked' chains that drift in a direction perpendicular to the applied magnetic field. Therefore, we instead include a short-ranged repulsive potential between particles:
where d is the particle diameter, and r c is a constant that controls the range of the interaction. For our work, we set r c = 0.05d. Lower values of r c better approximate a hard-sphere potential, but require prohibitively short time steps. The pre-exponential factor, including its dependence on m and µ 0 , ensures that the magnetic and excluded volume interactions are of a similar order of magnitude for particle separations on the order of r c , resulting in stable simulations that approximate the behavior of hardsphere magnetic particles. In order to simplify the simulation so that effects of the matrix fluid yield stress can be more easily distinguished, we neglect thermal forces and hydrodynamic interactions. In this case, the total force F i on particle i at time t is calculated as:
The Langevin equation describing the particle velocity is then ( ) ( )
where ζ is the drag coefficient of a particle. Eq 4 therefore represents a balance between magnetic, excluded volume, and drag forces on a particle. In order to generalize the simulation results, eq 4 is made dimensionless using the characteristic length scale d and the characteristic force A Bingham viscoplastic model for a yield stress matrix fluid is incorporated by applying a constraint to eq 5. We make the simple approximation that a particle moves during a time step only if the sum of the forces on the particle (including both magnetic and short-range steric forces) is sufficient to overcome the matrix fluid yield stress, τ y . Otherwise, the particle remains motionless for that time step. Mathematically, if
, then the particle executes a step according to eq 5; otherwise, ˆi dr is set to 0. C is a constant that relates the matrix fluid yield stress to the critical force necessary to cause an embedded particle to yield. For spherical particles in Bingham fluids, Beris et al. showed using finite-element modeling that C ≈ 0.143. 28 In dimensionless terms, the criteria for yielding is ( )
The dimensionless yield parameter Simulations are conducted in 2-D with a uniform external magnetic field in the vertical direction. The simulation box is square with a side length equal to 100 particle diameters and periodic boundary conditions on all sides. To begin simulations, particles are initially placed in the box in a random configuration with no particle overlaps and eq 5 is integrated forward in time using a simple Euler scheme for 1000 time steps at a time-step size of
The purpose of this short preparatory simulation using a very small time step is to resolve the trajectories of any particles positioned very close to each other in the random initial placements. Subsequently, the time-step size is increased to 4 Δ 3.3 10 t − = × for the remainder of the simulation. The constraint in eq 6 is applied at each time step. A dimensionless spatial cutoff (scaled with the particle diameter) for the inter-particle forces of 15 was used along with a linked-list binning algorithm with bin sizes that slightly exceed the cutoff value. 21, 22, 29 Interested readers are referred to earlier communications for additional details about the simulation algorithm.
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Results and Discussion
It is well-known that applying a uniform magnetic field to a dispersion of polarizable spherical particles in a Newtonian matrix fluid results in the formation of long-chain structures in the direction of the external field. Since a matrix fluid with a strong enough yield stress will completely immobilize particles, we examine magnetic directed assembly in a regime where both magnetic interactions and the matrix fluid yield stress play an important role in structure formation. Because the characteristic force in our simulations is defined as the maximum force between two dipolar particles, the regime of interest corresponds to values
Images of magnetically assembled structures after long times ( ) As a first step towards understanding this behavior, we consider a simpler system of two dipolar particles in a yield stress matrix fluid. With one particle fixed at the origin, yielding occurs if the distance to the second particle is sufficiently small that the inter-particle force overcomes the matrix fluid yield stress; otherwise, both particles remain immobile. For this system, the critical positions for yielding can be found by solving for the contour on which the magnitude of the dimensionless force on the second particle is equal to * M 1 Y , as in the yield criteria in eq 6. Neglecting the repulsive steric force, which is much smaller than the magnetic force for these inter-particle distances, the magnitude of the force on the particle is calculated from eqs 1 and 3: 
gives the expression for the yield contour.
Contours corresponding to eq 10 are plotted in Y increases, the contours expand and particles positioned farther from the origin are able to yield in response to the applied magnetic field. Because of the angular dependence of dipolar interactions, the inter-particle force is either attractive (0° ≤ θ ij < 55°, solid lines), for which yielded particles undergo aggregation, or repulsive (55° < θ ij ≤ 90°, dotted lines), for which particles tend towards an unaggregated arrested state. Though only one quadrant is shown in Figure 1(D) , the contours are symmetric across the vertical and horizontal axes. While multi-particle interactions captured in the full simulations (including the behavior of particle chains) are more complex than this two-particle system, the contours in Figure 1 (D) are nonetheless helpful in understanding the basic physical phenomena underlying dipolar particle suspensions in the presence of a yield stress. In particular, Figure 1 (D) implies that a particle (or a chain of particles) is arrested when the envelope defined by the yield contour becomes devoid of particles. By extension, the entire system becomes arrested when all distances between distinct clusters fall outside of the yield contours that result from the summation of all inter-particle interactions.
The images in Figure 1 imply that the magnetically assembled structures consist primarily of correspond to times before and just after structural arrest in the yield stress system, respectively. At early times, the structures of the two systems are nearly identical, whereas significant deviations are apparent after the onset of structural arrest. The supporting information provides movies analogous to these overlaid images, as well as a magnified image of (A) that more clearly portrays the particle overlaps. In (C), the ensemble-averaged root mean square difference between particle positions in the . At ˆ6 7 t = , however, there are significant deviations between the two systems, reflecting the fact that while chain-formation continues in the Newtonian system, structural evolution in the yield stress system has slowed almost to a halt. These images are consistent with the behavior presented in Figures 2 and 3 , and support the hypothesis that particles in the Newtonian and yield stress systems follow very similar trajectories up to the critical arrest time ˆa rrest t , after which the yield stress systems The results presented thus far have implications in the design of structures generated via directed assembly or self-assembly. While previous approaches to tuning particle assembly have focused on modifying particles (i.e., their shape, size, patterning, or chemical functionality 8 ) or employing particle systems that respond to externally applied fields or stimuli, 30 The chain structures formed when dispersions of polarizable particles are subjected to a uniform magnetic field provide the basis for a number of emerging and promising technologies involving multiphase complex fluids, including magnetorheological suspensions 15 and lab-on-a-chip separation techniques. 16 More generally, field-directed assembly of magnetic colloids and nanoparticles has been exploited to design and engineer highly-ordered functional materials 34 While the arrested structures demonstrated here represent states along the Newtonian trajectory, the effect of the matrix fluid yield stress to 'freeze' structures in place could be exploited in more exotic systems to assemble and stabilize more complex anisotropic particle structures with high degrees of order. As long as the inter-particle forces in the final structured states are insufficient to overcome the matrix fluid yield stress (a balance that could be characterized by dimensionless groups analogous to those used here), the assembled structures will be stable essentially indefinitely. If necessary, the structures can be adjusted subsequently by increasing the forces on particles as desired, or, alternatively, by decreasing the yield stress. This approach is not limited to magnetic assembly, but is straightforwardly extendable to systems with other types of particle interactions or external forces (e.g., electric fields, optical tweezers, etc.). It is even possible that different assembly techniques could be applied sequentially, with the yield stress matrix fluid trapping particles in place between steps, allowing the complexity of achievable structures to be greatly expanded. Additionally, other types of non-Newtonian behavior in the matrix fluid could be similarly utilized to alter assembly. Though the task remains to confirm experimentally the behavior presented here, our results are physically reasonable and expected to be in at least qualitative agreement with experiments as long as the matrix fluid yield stress and inter-particle dipolar interactions are the dominant phenomena.
